SUMMARY In nine subjects with chronic obstructive pulmonary disease (COPD) and pulsus paradoxus, M-mode echocardiograms showed inspiratory augmentation of right ventricular dimensions and inspiratory decrease of left ventricular diastolic dimensions. In five subjects in whom the echocardiographic transistor was in the subxiphoid position, mean right ventricular dimensions increased during inspiration from 1.4 4 0.20 to 2.96 ± 0.38 cm (p < 0.01). With inspiration, mean left ventricular diastolic dimensions decreased from 4.8 + 0.61 to 3.7 ± 0.63 cm (p < 0.01) in these five subjects. Two-dimensional echocardiograms, performed in three subjects, confirmed inspiratory augmentation of right ventricular cross-sectional area. Similar changes were produced in two normal volunteers by artificial obstruction to breathing. Left ventricular ejection time measurements demonstrated an inspiratory decline in left ventricular stroke volume.
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Inspiratory filling of the right ventricle is not hampered, but rather is exaggerated in patients with COPD and pulsus paradoxus, and left ventricular stroke volume is reduced during inspiration. Exaggerated variations in intrathoracic pressure alone did not explain pulsus paradoxus. Increased right ventricular filling and stroke volume during inspiration probably play a part.
IN 1698 Floyer described inspiratory disappearance of the arterial pulse during attacks of bronchial asthma.' Severe degrees of chronic obstructive airway disease are also known to be associated with weakening of the arterial pulse during inspiration (paradoxical pulse, or pulsus paradoxus).2 However, studies of the mechanism of pulsus paradoxus are recent. Echocardiographic investigations of patients with pulsus paradoxus and cardiac tamponade36 have suggested inspiratory diminution of left ventricular filling, but inspiratory augmentation of right ventricular filling during pulsus paradoxus with cardiac tamponade. The echocardiogram has also been evaluated in the setting of paradoxical pulse with pulmonary embolism. 6 We previously described echocardiograms of two patients with chronic obstructive airway disease and pulsus paradoxus.5 These two patients also showed inspiratory augmentation of right ventricular dimension and inspiratory diminution of left ventricular dimension. In this paper we report an investigation of pulsus paradoxus in a larger group of patients and explore the mechanism of this phenomenon in obstructive airway disease. For this study, pulsus paradoxus was defined as an inspiratory decrease of systolic blood pressure of 10 mm Hg or more.
Subjects
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ducer focused at 7.5-10 cm with a repetition rate of 1000/sec was used. The patients were examined in the supine or semi-erect position. The transducer was positioned at the fourth intercostal space adjacent to the left sternal border or in the subxiphoid area, and the standard sweeps from the aorta to the left ventricle were obtained. Starling et al.7 reported that right ventricular volume and ejection fraction could be accurately evaluated in patients with chronic obstructive airway disease by subxiphoid echocardiography. Systolic septal motion and left ventricular dimensions, as measured by the subxiphoid transducer, showed good correlation with those measurements obtained with the transducers in the standard left parasternal position. 8 An electrocardiographic lead was recorded during each study. Instantaneous respiratory wave forms were recorded simultaneously with a tungsten wire respirometer9 from patients studied with the Irex Continutrace recorder. In those studied with the aid of the Honeywell recorder, the phases of respiration were signaled by appropriate manipulation of the baseline of the electrocardiographic tracing. Measurements were made during both inspiration and expiration of right and left ventricular internal diastolic and systolic diameter, and interventricular septal motion was evaluated. Patients with chronic obstructive airway disease and pulsus paradoxus in whom these measurements could not be made were not included in this study.
The left ventricular internal diameter during diastole was measured as follows: With the patient in a supine position, measurements were made at the level of the chordae tendineae from the left side of the interventricular septum to the endocardial surface of the left ventricular posterior wall. Diastole was defined by the initial inscription of the electrocardiographic QRS complex, and systole was defined by the smallest vertical septal-posterior wall endocardial distance. Minimal inspiratory values and maximal expiratory values were averaged for three to five respiratory cycles.
Right ventricular measurements were made as follows: The ultrasound beam was directed along the course of the left ventricular endocardial surface, the right and left sides of the interventricular septum, the anterior and posterior mitral leaflets, and the endocardial and epicardial surfaces of the left ventricular posterior wall. The measurements were made from the right ventricular endocardial surface to the right ventricular side of the septum at end-diastole. 10 The dimension measurements were reported only when structures defining the dimensions were recorded clearly. Maximal inspiratory and minimal expiratory values were averaged for three to five respiratory cycles.
The reliability of left and right ventricular dimension measurements in our echocardiographic laboratory was estimated from the coefficient of variation (CV) (standard deviation divided by mean). Intraobserver CV for left ventricular diastolic dimension was 4.3%, for left ventricular systolic dimension was 4.1%, and for right ventricular dimension was 11.3%. Interobserver CV for left ventricular diastolic dimension was 0.7%, for left ventricular systolic dimension was 2.9%, and for right ventricular dimension was 16.2%.
Cross-sectional echocardiograms were performed in three of the nine subjects was a commercially available mechanical sector scanner (Ekosector I, Smith-Kline Instruments), which uses a 2.25-MHz transducer swept through a 30°sector at 30 Hz. Adequate real-time two-dimensional visualization of the heart could be obtained only by using a subxiphoid window in two of the three subjects so studied. Images were recorded on videotape using a Sanyo VTC-7100 cassette recorder. Polaroid photographs were obtained from individual video tape frames at the same time in each cardiac cycle, as judged from the simultaneously recorded ECG. 
Left Ventricular Ejection Times
In four subjects, left ventricular ejection time (LVET) was measured by ear densitography."1-13 The densitograph"1 is a photoelectric plethysmograph, attached to the pinna of the ear, that is sensitive to variations in the amount of blood in the tissues between a light source and a photoconductive cell. These variations produce proportional changes in light reaching the photocell; the consequent variation in the resistance of the photocell results in a pulse curve that correlates well with ejection times derived from carotid arterial pulse records.'2' 13 In our laboratory, in five normal subjects, the correlation coefficient between the two methods of measuring LVET was 0.97 when the first derivative of the ear densitogram was used. LVET has been found to correlate well with changes in left ventricular stroke volume during atrial fibrillation,"' complete atrioventricular block,15 or during head-up tilting. '6 In normal subjects, external obstruction to inspiration and to expiration was produced as follows: The subjects breathed through a double Douglas valve while the nose was completely obstructed with a flexible nosepiece. Varying degrees of inspiratory and expiratory obstruction were produced by adjusting C clamps placed around 2.5-cm diameter plastic tubing attached to the inspiratory and expiratory ports of the double Douglas valve. The degree of obstruction was estimated by measuring instantaneous pressure within the double Douglas valve by means of a Statham P23d gauge. These pressure variations, together with the echocardiogram and the densitogram, were recorded with the Irex Continutrace recorder. Inspiratory and/or expiratory obstruction was increased gradually as arterial blood pressure was measured by cuff manometry. Respiratory obstruction was increased until an inspiratory fall of systolic blood pressure of 10 mm Hg or more (pulsus paradoxus) was produced. Subjects then remained at a steady degree of airway obstruction for 5 minutes or more while echocardiograms and densitograms were recorded.
We tested the relationship between respiratory changes in LVET and in systolic blood pressure in normal subjects by means of the correlation coefficient rxy. We also evaluated the relationship between respiratory changes in echocardiographic left and right ventricular dimensions and respiratory changes in systolic blood pressure by means of the correlation coefficient. Respiratory 
Ventilatory Studies
Pulmonary function studies were obtained in eight of the nine patients (table 1). All patients had a paradoxical arterial pulse at the time of this study. The residual lung volume was above 3200 ml except in patient 9, who had evidence of both restrictive and obstructive lung disease. The residual volume was increased in each, except in patient 9. The residual volume-total lung capacity ratio was 45-75% (normal 25-35%). The functional residual capacity (FRC) was 180% of predicted value or above, except in patient 9. The 1-second forced expiratory volume was 517-1400 ml (normal, minimum of 3 1).
Electrocardiograms
ECGs revealed evidence of right atrial enlargement in four of the nine patients.
Five of the nine patients had a rightward QRS axis exceeding 90°in the frontal plane, and seven of nine had an S wave in lead V, equal to or greater than the R wave in the same lead. Only patient 7 did not have any of these findings. Two patients had electrocardiographic evidence of right ventricular hypertrophy in lead V,.
Echocardiographic Findings
Every patient demonstrated enlargement of the right ventricular internal dimension in inspiration (range 2-4 cm) (normal 1.9 ± 0.14 cm)' ( fig. 1, table  2 ). In five patients studied with the transducer in the subxiphoid position, the average inspiratory dimensions of the right ventricle was 2.96 cm. The average expiratory diameter of the right ventricle was 1.4 cm.
The mean difference between inspiration and expiration was 1.56 cm (p < 0.01). The left ventricular internal diastolic dimension in inspiration was 3.7 cm, and in expiration was 4.8 cm. The mean difference of 1.1 cm was statistically significant (p < 0.01). The systolic diameter in inspiration averaged 2.4 cm and in expiration 3.1 cm, with a difference in inspiration and expiration of 0.74 cm (p < 0.02) (table 2).
The two-dimensional echocardiograms obtained in three of the nine subjects with chronic obstructive airway disease and pulsus paradoxus showed inspiratory augmentation of the right ventricular cross-sectional area and inspiratory diminution of the left ventricular cross-sectional area, (figs. 2 
and 3).
Artificially Induced Paradoxical Arterial Pulse
The control record with the normal volunteer breathing through the apparatus without any inspiratory or expiratory obstruction failed to demonstrate abnormal inspiratory or expiratory ventricular dimension changes by echocardiogram ( fig. 4) More important, in one subject the maximum paradoxical pulse did not appear immediately upon the institution of a given degree of expiratory obstruction, but only after 3-5 minutes. This observation suggests that increased variations in intrapleural pressure alone did not account for the increased variations in blood pressure.
SHORT AXIS Expiration
In volunteer JH, the left ventricular diastolic respiratory dimension decreased 2-3 mm during inspiration in the control period. When there was pulsus paradoxus caused by airway obstruction, the left ventricular diastolic dimension decreased 4-8 mm. The relationship between inspiratory decrease in systolic blood pressure and the decline in left ventricular Inspi ration Discussion Several investigators have studied the causes of the paradoxical arterial pulse in severe asthma and chronic airway disease.2' 18-21 The paradoxical pulse has been documented as a valuable indicator of the severity of the obstructive process in asthma.9l' 21 The appearance of paradoxical pulse in patients with chronic lung disease or asthma correlates best with a decrease in the 1-second forced expiratory volume. 2 Rebuck and Pengelly2 observed a paradoxical pulse in normal subjects after they breathed for 3½/2-5 minutes through a resistance circuit. The paradoxical pulse was detected when the rise in functional residual capacity exceeded the resting level by 54-78%. When subjects voluntarily breathed at high lung volumes with no airway obstruction, no abnormality was detected in blood pressure.2 Thus, they postulated that the paradoxical pulse of severe asthma and chronic lung disease is produced by pulmonary overdistention and high intrapulmonary pressure, and that right heart filling was impeded. During the inspiratory phase, a sharp inspiratory drop in pulmonary venous pressure was believed to further hamper filling of the left heart. Our studies suggest that there is decreased inspiratory filling of the left ventricle in patients with pulsus paradoxus and chronic obstructive airway disease. Not only were echocardiographic left ventricular dimensions smaller in inspiration, but the significant decrease of inspiratory LVET was consistent with an inspiratory decrease of left ventricular stroke output. Although an inspiratory increase in left ventricular impedance26 might alter LVET, this factor should have prolonged LVET rather than decreasing it, as in our study.27 Increased right ventricular dimensions during inspiration imply that inspiration did not decrease right ventricular filling.
In normal subjects with induced airway obstruction, increased respiratory variations in right and left ventricular diameters were always found when systolic blood pressure fell more than 10 mm Hg during inspiration. In these experiments also, the right ventricular dimensions increased during inspiration, while left ventricular dimensions fell. The progression of pulsus paradoxus and of inspiratory decline of LVET without further respiratory changes in ventricular dimensions suggested the operation of an additional mechanism when pulmonary functional residual capacity began to rise.
Inspiration increases right-heart filling, so what is the normal effect of respiration upon echocardiographic ventricular dimensions? In adults we found no more than 2 Abnormal anterior systolic motion of the interventricular septum appeared during inspiration in one of our patients ( fig. 1 ). This observation is consistent with right ventricular volume overload during inspiration. 30' 31 We conclude that the paradoxical arterial pulse in obstructive lung disease is not caused by decreased filling of the right ventricle on inspiration, as initially postulated by Rebuck and Pengelly.2 Indeed there appears to be increased filling of the right ventricle during inspiration in patients with chronic obstructive lung disease and a paradoxical arterial pulse. The paradoxical pulse may result from an interplay of several mechanisms:
(1) The increased respiratory variations of intrathoracic pressure are transmitted to the left ventricle and to the arterial vessels in the thoracic cavity, with a decrease in blood pressure during inspiration and an increase in blood pressure during expiration.
(2) The increased filling of the right ventricle on inspiration tends to increase right ventricular stroke volume. This, in turn, may cause more than the usual increase of left ventricular filling in the subsequent expiration, increasing left ventricular stroke volume and systolic blood pressure in expiration. The increased inspiratory filling of the right ventricle is judged by comparison of right ventricular dimensions during inspiration and expiration in the same patient. Because there is no baseline observation during normal breathing, we cannot tell whether there is an absolute decrease in right ventricular filling during expiration, nor can we judge the degree of absolute as opposed to relative increase above that to be found during normal inspiration.
(3) Increased filling of the right ventricle in inspiration causes posterior displacement of the interventricular septum (demonstrated by echocardiogram); this may limit inspiratory filling of the left ventricle by reducing its compliance,26 thus lowering left ventricular stroke volume and decreasing the arterial blood pressure during inspiration. Alternatively, abnormal systolic motion of the interventricular septum during inspiration may reduce left ventricular stroke volume without compliance changes.
Increased inspiratory capacity of pulmonary veins may also limit left ventricular filling as the functional residual capacity increases. Robotham et al. suggested another factor that may limit left ventricular output during inspiration in patients with obstructive airway disease.26 In a study of anesthetized dogs, they found that decreased left ventricular filling pressure during inspiration did not explain the inspiratory fall of left ventricular stroke volume. The increased negative intrathoracic pressure surrounding the left ventricle means that the left ventricle must pump against a higher peripheral mean pressure; thus, there is an inspiratory increase of left ventricular afterload that might be a major mechanism in the inspiratory decline of left ventricular stroke volume.
